Aim: To evaluate the treatment of male infertility with a strong natural antioxidant, in addition to conventional treatment. Methods: Using a double blind, randomized trial design, 30 men with infertility of ≥12 months and female partners with no demonstrable cause of infertility received conventional treatment according to the guidelines of the World Health Organization (WHO), and either a strong antioxidant Astaxanthin 16 mg/day (AstaCarox ® , AstaReal AB, Gustavsberg, Sweden) or placebo for 3 months. The effects of treatment on semen parameters, reactive oxygen species (ROS), zona-free hamster oocyte test, serum hormones including testosterone, luteinizing hormone (LH), follicle stimulating hormone (FSH) and Inhibin B, and spontaneous or intrauterine insemination (IUI)-induced pregnancies were evaluated. Results: ROS and Inhibin B decreased significantly and sperm linear velocity increased in the Astaxanthin group (n = 11), but not in the placebo group (n = 19). The results of the zona-free hamster oocyte test tended to improve in the Astaxanthin group in contrast with the placebo group, though not reaching statistical significance. The total and per cycle pregnancy rates among the placebo cases (10.5 % and 3.6 %) were lower compared with 54.5 % and 23.1 % respectively in the Astaxanthin group (P = 0.028; P = 0.036). Conclusion: Although the present study suggests a positive effect of Astaxanthin on sperm parameters and fertility, the results need to be confirmed in a larger trial before recommending Astaxanthin for the complementary treatment of infertile men. (Asian J Androl 2005 Sep; 7: 257-262) 
Introduction
Evidence has accumulated supporting the pivotal role of reactive oxygen species (ROS) in the pathogenesis of sperm dysfunction among men with infertility. Increased generation of ROS has been documented in a high percentage of subfertile men with diverse diseases of the uro-genital tract, and under the influence of environmental as well as life style factors [1] .
Due to their paucity in cytoplasm, spermatozoa possess little defense against oxygen damage and are highly sensitive to ROS inducing changes of the fatty acid composition of the sperm membrane and damage of sperm DNA (for review see [2] ). These alterations are usually not reflected in changes in conventional sperm characteristics, but impair acrosome reactivity and decrease the fusogenic capacity with the oolemma. Oxidative stress to sperm DNA increases DNA fragmentation [3] and causes transition mutagenesis due to an increased content of 8-hydroxy-2-deoxyguanosin (8-OH-2-dG).
In an open label trial including 27 infertile men, we have demonstrated that the combination of conventional treatment, oral antioxidants and fish oil reduced ROS and the 8-OH-2-dG content of spermatozoa. Also, membrane fluidity was increased and the induced, but not the spontaneous, acrosome reaction was enhanced [2] . A 7 % per month pregnancy rate was attained among couples in whom the male partner was a present or an ex-smoker.
Astaxanthin is a carotenoid extracted from the algae Hematococcus pluvialis. The potency of this antioxidant is much higher as a singlet molecular oxygen quencher compared with vitamin E [4] .
The objective of the present trial was to assess, for the first time, the effects of complementary treatment with a strong lipophilic antioxidant (Astaxanthin) on sperm function and fertility of subfertile men, using a prospective, double blind, randomized trial design.
Materials and methods
Thirty men were enrolled into the trial. The patients were not selected on the basis of sperm parameters or ROS levels. They were the male partners of couples who had been infertile for a period of at least 12 months, in whom the female partner was classified as presenting no demonstrable cause of infertility after investigation in agreement with the World Health Organization (WHO) recommendations [5] . All men were investigated as recommended in the guidelines of WHO [6] . Because of the ethical obligation to always treat patients according to the rules of good medical practice, the patients received conventional treatment as indicated (Table 1) . Intra-uterine insemination was applied as indicated by the WHO guidelines [6] and provided semen characteristics fulfilled the minimum criteria suggested by Milingos et al. [7] , namely, at least 0.3 million progressively motile spermatozoa per mL after preparation of the semen sample over a density gradient column, and 4 % or more spermatozoa with normal morphology in the native semen sample. In addition, 11 patients received capsules containing natural Astaxanthin (Astacarox ® , AstaReal AB, Gustavsberg, Sweden), 16 mg per day. Nine patients received identically packaged placebo, and data from an additional ten placebo-treated patients participating in another parallel placebo-controlled study were also included.
Two semen analyses were performed before intervention using the WHO-recommended methods [8] and the best result was used for statistical analysis. The quality of semen analysis was under rigorous internal and external control. In addition, sperm motility was objectively assessed by means of a computer-assisted method (Autosperm, Fertipro, Beernem, Belgium). ROS generation was measured by chemoluminescence in high quality spermatozoa prepared by discontinuous density-gradient centrifugation (Sil-Select, FertiPro NV, Beernem, Belgium) after stimulation with phorbol ester (PMA) as described previously, and spermatozoa were cryopreserved for zona-free hamster oocyte testing [8] . All semen tests were repeated after 3 months of intervention. Gamma glutamyl transpeptidase was measured in seminal plasma as a marker of prostatic function using a spectrophotometric assay [9] .
Blood was taken at baseline and at the end of the 3 months intervention period for hormone measurements of testosterone, luteinizing hormone (LH), follicle stimulating hormone (FSH), Inhibin B. A commercial kit (Medgenics Diagnostics, Fleurs, Belgium) for radioimmuoassay was used to determine the serum concentrations of testosterone, and commercial kits (Medgenics Diagnostics, Fleurus, Belgium) for immunoradiom-etric assays were used for determinations of serum LH and FSH. Intra-and interassay coefficients of variation for all of these assays were less than 10 % and 15 %, respectively. Serum inhibin B was determined in duplicate using a specific doubleantibody, enzyme-linked immunoassay (Inhibin-B, dimer assay kit ultra-sensitive, Serotec, Oxford, UK). Intra-and interassay coefficients of variation were 6 % and 9 %, respectively.
The data were collected and analyzed by means of the MedCalc statistical package (Medcalc Inc., Mariakerke, Belgium). The unpaired or paired t-test or Wilcoxon test were used to compare variables as appropriate. Because of their skewed distribution, calculations of sperm concentration and ROS used log-transformed data and data on the zona-free hamster oocyte test are described as median and 95 % confidence intervals (95 % CI). The null hypothesis was that the pregnancy rate and the changes in sperm quality would not differ significantly (P > 0.05) between Astaxanthin treated and placebo groups.
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insemination (IUI) in FSH stimulated cycles (without hyperstimulation of ovulation; Table 1 ), but not in vitro fertilization (IVF), was permitted and the occurrence of pregnancy during the 3 months' trial period was recorded.
Relative risk and 95 % CI for pregnancy incidence were calculated by using an appropriate statistical model [10] , and statistical significance was assessed by Fisher's exact test. All patients gave informed consent and the ethical committee of the Ghent University Hospital approved the trial (project number 2000/17).
Results
The epidemiological characteristics of the cases are summarized in Table 1 . One patient dropped out within one month of recruitment, and was replaced by the subsequent eligible patient. When the code was broken, after completion of the trial, the former case was found to receive placebo whereas the replacement case received Astaxanthin. Hence, the number of cases included in the statistical analysis was 19 in the placebo group and 11 in the Astaxanthin group. None of the epidemiological characteristics of the two groups are significantly different.
Semen characteristics and hormone results at baseline and after 3 months of intervention are shown in Table 2 . Baseline characteristics, including duration of abstinence before semen donation (data not shown) were not significantly different in the two groups (unpaired t-test), though motile sperm concentration was somewhat higher in the Astaxanthin treated cases than that in the controls. Sperm motility and morphology presented a trend to improvement during treatment but changes did not reach the usual level of significance (paired t-test). In addition, there was no difference in the trends seen in both groups. The number of white blood cells in semen did not show significant changes neither in the Astaxanthin nor in the placebo groups (Table 2) . ROS significantly decreased and linear velocity increased in the Astaxanthin group (paired t-test), but not in the controls. A positive correlation was found between basal ROS levels and the increase of sperm concentration during treatment (calculated as the ratio of sperm concentration after/before treatment) in the Astaxantin treated group (r = 0.83, P = 0.02) but not in the placebo group (r = -0.52, P = 0.15). The ratios of other sperm variables and Inhibin B did not show significant correlations.
The number of spermatozoa firmly attached to the zona-free hamster oocytes (median 6.1 per oocyte before, 18.0 during intervention) but not the number of decondensed sperm heads (0.7 per oocyte before, 0.6 during intervention) presented a non significant trend to increase in the Astaxanthin cases, while these tended toward decrease in the placebo cases (2.8 per oocyte attached before, 1.6 during intervention) and almost no change was observed in the number of decondensed sperm heads (0.2 decondensed sperm heads per oocyte before, and 0.3 during placebo).
The mean testosterone concentration increased by 37 % in the placebo group, which may be related to the effect of tamoxifen treatment given to five out of the 19 cases. FSH levels remained unchanged. Inhibin B was significantly decreased in the Astaxanthin group (paired t-test) but not in the placebo group.
Two spontaneous pregnancies occurred among the placebo cases for a total pregnancy rate of 10.5 %, and a per months probability of pregnancy of 3.6 %. Among the 11 cases of the Astaxanthin group, six attained conception for a total pregnancy rate of 54.5 %, of which five were naturally conceived and one resulted from IUI (P = 0.028 for comparison between the two groups). The relative risk (RR) for attaining pregnancy during Astaxanthin intake compared to placebo was 5.2 (95 % CI: 1.25-21.39). The probability of conception per month in the Astaxanthin group was 23.1 % (P = 0.036, compared with the placebo group).
Discussion
In the present study we evaluated the effects of a natural potent antioxidant Astaxanthin as complementary treatment to improve the outcome of WHO male infertility treatment guidelines. This particular antioxidant was chosen because of its much higher potency as a singlet molecular oxygen quencher compared with vitamin E [4] .
In the guidelines for the standardized diagnosis and management of the infertile male, WHO recommends consensus-based treatment modalities, including treatments aiming at the improvement of the quality and fertilizing potential of his semen, as well as assisted reproductive techniques [6] . Recently, concerns have been raised about possible adverse effects in children born after IVF [11] . Therefore, for the sake of economy of cost-effectiveness [12] , treatment of the infertile men must be applied before the implementation of assisted reproductive techniques. This approach may reduce the need of IVF and increase the probability of conception, either naturally or by means of IUI.
In the patient population consulting our center, the conventional treatment of subfertile men results in a natural pregnancy rate of between 3 % to 4 % per month [12] , being higher than the treatment independent pregnancy rate of 1.0 % to 1.5 % per month. The observed pregnancy rate of 3.6 % in the placebo group falls within the expected range. Both the total pregnancy rate and the per-month probability of pregnancy are higher in the Astaxanthin group. The differences in pregnancy rates between these two groups compare favorably to the results of placebo-controlled studies in which other antioxidants were used (for a review see [13] ).
The observation that these pregnancies occurred within the time period of 3 months after initiation of Astaxanthin intake, among couples with an average duration of infertility of more than 20 months, is suggestive for a causal link with the antioxidant supplementation. Such rapid effect would be compatible with the improved functional capacity of spermatozoa rather than with changes in the conventional sperm characteristics. Functional improvement may be related to the reduction of ROS resulting in enhancement of linear velocity and reduction of DNA damage. Changes of the phospholipid composition of the sperm membrane produced by antioxidant treatment have been documented to improve the fluidity of the membrane that may explain the higher reactivity in the zona-free hamster oocyte test. The small number of cases included in this study precludes subgroup analysis for a possible beneficial effect of correcting any particular pathology on ROS production. However, the strongest relative increase of sperm concentration was observed in cases with the highest pre-treatment ROS concentration.
In spite of the fact that serum FSH remained unchanged in both groups, and the testosterone concentration tended to increase in the treated cases, the concentration of Inhibin B was significantly decreased in the Astaxanthin group. This suggests that reducing the load of ROS may decrease the secretion of Inhibin B by the Sertoli cells, independently from sperm concentration. Therefore, we are tempted to speculate that excessive ROS may have caused an inappropriate secretion of Inhibin B of subfertile men. Similarly, healthy men who had an increased ROS load resulting from smoking, presented a higher serum Inhibin B level than non smokers [14] . On the other hand, it has been documented that estrogens increase the secretion of Inhibin B by Sertoli cells in vitro [15] . The high level of Inhibin B may cause both a direct suppression of spermatogenesis and an indirect effect via the feedback reduction of FSH secretion by the pituitary [16] (Figure 1) .
Taken together, these observations sustain the hypothesis that exposure of the Sertoli cells to excessive amounts of estrogens, both endogenous and exogenous including xeno-estrogens [17] , and to an overload of ROS may be involved in the impairment of spermatogenesis. In addition, ROS exerts oxidative damage to the sperm membrane, the DNA, and the mitochondrial activity ( Figure  1 ). Hence, it may be considered to associate treatment with an anti-oestrogen and with a food supplement containing a judicious mixture of antioxidants [18, 19] for the complementary management of male infertility.
The results of the present controlled trial confirm those of a previous open label trial [2] , but they need confirmation in larger trials. However, the recruitment of couples has become increasingly difficult since assisted reproductive techniques are readily available and commonly demanded by the infertile couples because of their alleged higher efficacy [20] .
